Abstract: Determining the age of juvenile blow flies is one of the key tasks of forensic entomology when providing evidence for the minimum post mortem interval. While the age determination of blow fly larvae is well established using morphological parameters, the current study focuses on molecular methods for estimating the age of blow flies during the metamorphosis in the pupal stage, which lasts about half the total juvenile development. It has already been demonstrated in several studies that the intraspecific variance in expression of so far used genes in blow flies is often too high to assign a certain expression level to a distinct age, leading to an inaccurate prediction. To overcome this problem, we previously identified new markers, which show a very sharp age dependent expression course during pupal development of the forensically-important blow fly Calliphora vicina Robineau-Desvoidy 1830 (Diptera: Calliphoridae) by analyzing massive parallel sequencing (MPS) generated transcriptome data. We initially designed and validated two quantitative polymerase chain reaction (qPCR) assays for each of 15 defined pupal ages representing a daily progress during the total pupal development if grown at 17 • C. We also investigated whether the performance of these assays is affected by the ambient temperature, when rearing pupae of C. vicina at three different constant temperatures-namely 17 • C, 20 • C and 25 • C. A temperature dependency of the performance could not be observed, except for one marker. Hence, for each of the defined development landmarks, we can present gene expression profiles of one to two markers defining the mentioned progress in development.
Introduction
Development, behavior, and diet of insects can be evidence of forensic issues. Using the knowledge about insects to provide clues about the minimum post mortem interval (min PMI), the minimum time passed since death [1] [2] [3] [4] , is the main task of forensic entomology. Blow flies (Calliphoridae), the typical initial colonizers of carrion, are attracted to the process of decay. Because of the temporal proximity of death and the subsequent colonization of carrion by blow flies, development data can be used to determine a min PMI by implementing the knowledge about temperature dependency of insect development [5] [6] [7] .
In entomological casework, quantitative evaluation of developmental (e.g., the reaching of the post-feeding stage) and morphological landmarks (like the change in length of the larvae) are combined. Applying published reference data for a variety of insect taxa, mainly blow flies, enables the expert to estimate the age of the immature stages, hence the min PMI of their food source, the human cadaver [2, 4, [8] [9] [10] [11] .
However, morphological methods for estimating the age of juvenile insects can be only of limited use, especially if the oldest specimen found at the crime scene is already a pupa. Here, the standard procedure for min PMI estimations is to rear such specimens under controlled laboratory conditions until the eclosion of the adult fly [8] . Age of a pupa may be reconstructed then by subtracting the time from sampling to eclosion from the published data for total development time. This approach is time-consuming and relies on rearing opportunities, or just can't be applied when only preserved (this is, killed) samples are available, or relevant specimens die during rearing. Establishing a quick and reliable method for the age estimation of blow fly pupae is therefore still a challenge of current research and particularly important because this stage occupies about 50% of the immature development. By having such a method for determining pupal age, a possibility of staging the fly metamorphosis would have great potential for extending and improving the possibilities of the age determination and thus the min PMI estimation in forensic entomology.
The morphological changes during metamorphosis take place inside an opaque puparium and are not visible from the outside [12] [13] [14] [15] [16] . Morphological landmarks can only be examined through a laborious and time-consuming preparation of the insect. The evaluation of the described morphological changes of the insect inside the puparium is strongly dependent on the examiner and hard to quantify even though some attempts have been made by Zajac and Amendt [17] , Richards et al. [18] , Brown et al. [19] and Martín-Vega et al. [20] . During the last decade, gene expression analysis became increasingly prominent in forensic entomology. First attempts using differentially-expressed genes examining developmental gene expression profiles have been made [21] [22] [23] [24] [25] [26] . It was assumed that patterns of differentially-expressed genes could help to draw conclusions to the age and therefore the min PMI. Boehme et al. [21, 22] were the first to present genetic markers in combination with a statistical tool, i.e., blow fly age calculator (BLOWFLAC), that enables an age prediction of Calliphora vicina Robineau-Desvoidy 1830 (Diptera: Calliphoridae) specimens during the metamorphosis based on gene expression analysis using inverse prediction from a standard least-squares regression. In three blind studies, the estimated minimum age approximated the true age by at least 1.0 ± 1.6 days (median ± standard deviation) and the estimated maximum age approximated the true age by up to 1.6 ± 1.7 days. In particular, the precision of age predictions was heavily related to the actual age of the specimens. Most notably, the precision of age predictions is hampered due to a weak accuracy during the first half of the pupal development. The mentioned studies show one thing in common: a high variance and relatively low changes in gene expression during the course of development. In particular, the low expression changes during development hamper a precise molecular age prediction because there are no sharp boundaries between different ages.
Nevertheless, these studies have demonstrated that gene expression analyses can provide quantitative measurements and highly informative conclusions regarding the age of the analysed specimens. Tarone et al. [27] , referring to the work of Boehme et al. [22] , stated that improvements in pupal age prediction are possible, if the right loci are chosen for analyses. With the current study, this thought has been addressed and the identification of the right loci was aimed. We generated de novo transcriptomes of 15 different development landmarks of a non-model organism, the blow fly C. vicina, during the metamorphosis using the massive parallel sequencing (MPS) technique massive analysis of complementary DNA ends (MACE) [28] .
With this approach, marker selection for non-model organisms has been revolutionized [29] [30] [31] . Zajac et al. [28] demonstrated that a total of 111 genes of interest (GOI), out of more than 53,000 transcripts could be detected. GOI are defined as genes whose transcripts exhibit a significantly higher number of copies at a certain day during metamorphosis. This day-or age specific increase must be significantly higher than the interindividual variability in expression. In addition, 4-10 GOI per analysed transcriptome of each defined pupal age have been selected. These GOI are representing potential loci for gene expression markers for 15 distinct landmarks during metamorphosis. The 15 landmarks resulted from the rearing conditions at 17 • C, since metamorphosis lasts 15 development days and samples were taken every 24 h. Each of those 15 development days represents a developmental landmark.
The current study presents selected markers and the evaluation of a quantitative polymerase chain reaction (qPCR) system. These markers indicate certain landmarks of the physiological age in accumulated degree days (ADD) within metamorphosis. For PMI estimation, these physiological ages have to be translated in absolute age by calculational implementation of the thermal conditions at the scene. The established markers have been tested at pupae raised not only at 17 • C but also at 20 • C and 25 • C to investigate a potential temperature dependent variation of expression.
Materials and Methods

Specimens
Specimens were obtained from the established stocks of adult C. vicina at the Institute of Legal Medicine in Frankfurt am Main, Germany. All colonies are being refreshed in a continuous mode with individuals collected at corpses or in outdoor traps, which occurs every 4-8 weeks. Species identification, rearing and sampling of the specimens was conducted as previously described in Zajac et al. [28] . Oviposition was allowed for 4 h. Sampled specimens were reared in an incubator at a constant temperature of 17 • C, 20 • C or 25 • C, respectively. Sampling was conducted every 24 h after pupariation, and five specimens were arbitrarily preserved per sampling.
It should be noted that, despite the current discussion and the fact that the terminology is actually more complex, the term pupa always refers to the entire intra-puparial period in the current article [14] .
Identification of Genetic Markers for Age Determination
Markers of age-related genes were identified from MACE data as previously described in Zajac et al. [28] . GOI were defined as transcripts showing a massive, 100 to 1000 fold higher number of normalized transcript counts for a certain day compared to the expression in white pupa as well as to the other days during pupal development. For each analysed age, two markers showing the highest fold change compared to all remaining ages and the sharpest demarcation to the expression from samples taken 24 h prior and 24 h after the actual sample were selected for the current validation study. Additionally, two transcripts showing a constant number of normalized counts at all analysed ages have been identified as reference genes [28] .
Markers were initially identified and designed on specimens reared at 17 • C. At this temperature, metamorphosis lasts 15 days, leading to 15 different development landmarks, so far called T1-T15. Since the development of flies is temperature dependent, it is usually converted to a physiological age, namely ADD/accumulated degree hours (ADH). These are calculated from the product of the average environmental temperature and the required development time in days or hours, corrected by the lower development threshold, which is the minimal temperature at which this species may successfully develop. To see whether the molecular age markers correspond with the physiological age at different temperatures, the markers T1-T15 (17 • C) have been adopted to this and renamed in Marker A-O. Note that the amount of required ADD is also dependent on the rearing temperature (Tables 1 and 2) .
Marker A was taken as calibrator for calculation of the fold change (FC) value of Markers B to O. Pupae representing landmark A, the white prepupal stage, still resemble the irreversibly contracted third-instar larvae and are therefore easily distinguishable from all other phases of pupal metamorphosis. Consequently, only 14 markers (B-O) were used for age determination. 
Isolation of Total RNA
Isolation of total RNA from entire specimens and subsequent digestion of eventually co-extracted genomic DNA (gDNA) was conducted using TRI-Reagent ® as described in Zajac et al. [28] . RNA concentration and purity have been measured in a NanoDrop ND1000 (Thermo Fisher Scientific, Wilmington, DE, USA). Samples were diluted to 10 ng/µL and aliquoted for all qPCR analyses. Each sample was processed independently.
So far, only a few of the explored transcripts have been annotated to known genes, so biological information is lacking. Any co-extracted gDNA can therefore not be avoided by an intron-spanning primer design and has to be removed by DNA digestion prior reverse transcription (RT) qPCR using TURBO DNA-free™ (Ambion, Carlsbad, CA, USA) following the manufacturer's protocol.
Primer Design
Based on the mentioned MACE data primers for each of the 15 landmarks including the white prepupa were designed using Primer3Plus software [33] . Primer sequences, length of the generated amplicons, annotations to Drosophila and general insect data sets in GenBank (http://www.ncbi.nlm.nih. gov/genbank/) (basic local alignment search tool (BLASTX)) and UNIPROT (http://www.uniprot.org/) database if available and the contig number according to the corresponding sequence read archive (SRA) code (SRX977601-SRX977615), respectively, are shown in Table 3 . Note that not all of these markers are annotated to known gene products, which is insubstantial for their eligibility as age markers. Table 3 . Markers and primer sequences used for analysis of C. vicina pupae in this study. Contig aliases and annotations are given for reference. Annotated via basic local alignment search tool (BLAST) assembly mapping against Drosophila and general insect data sets available in GenBank (BLASTX) and UNIPROT database [28] . Massive analysis of complementary DNA ends (MACE) count numbers of the used transcripts are indicated against landmark A (white prepupa) and in comparison to the mean count numbers at all other developmental landmarks. 
Marker
One-Step Quantitative Polymerase Chain Reaction
OneStep RT-qPCR was performed using the Promega GoTaq 1-Step RT-qPCR System (Promega Corporation, Madison, WI, USA) for a part of the pupae reared at 17 • C or the Invitrogen EXPRESS One-Step SYBR GreenER™ Kit (Thermo Fisher Scientific) following the manufacturer's instructions. Comparability of both kits was randomly tested and approved on five samples. RT-qPCR was performed in triplicates for every sample in a 10 µL reaction volume, containing 40 ng total RNA, 200 nM of each primer, 0.2 mL of RT Mix, 30 mM reference Dye (5-Carboxy-Rhodamin-X (ROX) or 6-carboxy-X-rhodamine (CRX)). A no-template control was run in each experiment. RT-qPCR was performed in a StepOnePlus™ Real-Time PCR System (Applied Biosystems ® , Foster City, CA, USA), using default SYBR ® Green Fast thermal cycling conditions with an additional reverse transcription step (50 • C for 5 min) placed in front.
To assess whether the designed qPCR assays produce specific products, melt curve analysis and fragment evaluation on agarose gels were conducted. In some cases, melt curve analysis showed a secondary unspecific peak. These peaks were only detectable at time points where the expression of the analysed amplicons was expected to be very low. When gene expression was high, only specific melt curve peaks were visible. Electrophoresis on agarose gels of all qPCR assays confirmed single bands at the expected product size
Gene Expression and Data Analysis
Expression of the described markers was normalized to reference genes R1 and R2 (Table 3) . DataAssist™ Software v3.01 from 2012 (Applied Biosystems) was used to calculate the relative quantification (RQ = FC) of gene expression, using the comparative Cq (∆∆Cq) method [34] . Specimens sampled on day one (landmark A) were easily distinguishable from the other sampled specimen as they are still in the so-called white prepupal stage. Therefore, in the current study, gene expression in these specimens was used as a calibrator at each temperature regime, respectively, to calculate relative gene expression (FC) of the older pupae.
Data visualization and statistical analysis were performed using GraphPad Prism (version 7.00 for Windows, GraphPad Software, La Jolla, CA, USA, www.graphpad.com). For visualization, data are presented in Tukey plots.
Fold change values were subjected to a D'Agostino-Pearson normality test and subsequently analysed by one-way analysis of variance (ANOVA) followed by an uncorrected Fisher's least significant difference (LSD) test or Kruskal-Wallis test followed by an uncorrected Dunn's test, respectively (p-value < 0.05), to explore the influence of age on gene expression of the examined markers, which was treated as a factor. Comprehensive full statistical analysis is available on request.
Results and Discussion
By virtue of the constant interest in establishing more and more precise methods to determine the age of juvenile blow flies, i.e., blow fly pupae, using gene expression was focused in recent years [21] [22] [23] [24] [25] [26] 35] . However, these approaches were mainly hampered by high interspecific variability compared with age specific differences. This now has been overcome by the newly identified marker transcripts. These markers are suitable for detecting a certain age by showing mostly a single specific up-regulation for a short period during metamorphosis regardless of the rearing temperature.
Gene expression patterns were investigated by qRT-PCR, i.e., two markers for each of 14 development landmarks (compared to Marker A) within metamorphosis to raise the chance of detecting suitable markers for every physiological age in ADD. Figure 1 represents a graphical description of all markers deployed at each temperature, which demonstrates the high age specific expression changes compared to the interindividual variation. Note that there is a shift in the maximal expression of each marker dependent on the rearing temperature applied, due to the fact that the required ADD is temperature dependent (Table 1) . In contrast to the markers published so far (e.g. [21, 24, 25] ), the new transcripts show that their expression during the investigated pupal ages is characterized by a quick change of expression during development, which is important in terms of high predictive power. However, interreplicate variance, especially at low temperatures (17 °C), is also quite high in the expression within our study, e.g., Figure 1 marker G-1, G-2. However, the markers show a massive change in gene expression within the developmental landmarks, which counterbalance the observed variance. Most notably, and in contrast to other studies, almost all of our markers detected an extreme change in gene expression [21, 22, 24, 26] . Fold change values between approximately 10 and 40,000 compared to their expression immediately after pupariation (so called white prepupa) are achieved ( Figure 1) .
To determine whether age has significant influence on the expression level of the established markers, either Kruskal-Wallis test or ANOVA were used. Subsequently, multiple comparison tests were conducted to explore significant differences between the tested groups (Table S1) . A group is defined as all samples of a certain time or the same age, respectively. Table 4 depicts the significance of the variance of each marker expression changes compared to the expression status in white prepupae. Most markers exhibit no overlap between the corresponding and the other states and are beneficial in terms of age determination. In contrast to the markers published so far (e.g., [21, 24, 25] ), the new transcripts show that their expression during the investigated pupal ages is characterized by a quick change of expression during development, which is important in terms of high predictive power. However, interreplicate variance, especially at low temperatures (17 • C), is also quite high in the expression within our study, e.g., Figure 1 marker G-1, G-2. However, the markers show a massive change in gene expression within the developmental landmarks, which counterbalance the observed variance. Most notably, and in contrast to other studies, almost all of our markers detected an extreme change in gene expression [21, 22, 24, 26] . Fold change values between approximately 10 and 40,000 compared to their expression immediately after pupariation (so called white prepupa) are achieved (Figure 1) .
To determine whether age has significant influence on the expression level of the established markers, either Kruskal-Wallis test or ANOVA were used. Subsequently, multiple comparison tests were conducted to explore significant differences between the tested groups (Table S1) . A group is defined as all samples of a certain time or the same age, respectively. Table 4 depicts the significance of the variance of each marker expression changes compared to the expression status in white prepupae. Most markers exhibit no overlap between the corresponding and the other states and are beneficial in terms of age determination. However, some markers show overlaps. While the two markers for landmark B and C (approximately first quarter of development) and for landmark F to O (approximately second and third trimester of development) exhibit a highly significant disparity in each applied temperature, qPCR data of D-1 and D-2 at 17 • C are not congruent with the corresponding data explored by MACE (Figure 2) . Here, between 566 and 849 counts of these markers at a developmental progress of 170-207 ADD have been observed compared to an average count of 13 or 25, respectively, at the remaining development landmarks [28] . In the qPCR analysis, however, a totally different pattern of gene expression during development is observed (Figure 3) . Therefore, they have been excluded from analysis also at 20 and 25 • C.
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Markers that show an ambiguous behaviour are those that shall be indicated within the first trimester of pupal development. This leads to the assumption that a biological impact takes place. A hypothesis for this observation is that gene activity is low during this period as the number of genes exclusively up-regulated during this period decreased compared to other development phases [28, 36, 37] . Moreover, genes up-regulated during this period meet the requirements for GOI at the lower limits as they have been described in Zajac et al. [28] -markers D-1 and D-2 do belong to this period. Interestingly, morphological approaches highlighted that only some minor changes in the shape of the pharate adult and the internal morphology of C. vicina specimens, such as the volume of the alimentary canal and the histogenesis of adult flight muscles, were observed during the mentioned period [17, 20] .
Regardless of the statistical data, as discussed so far, both markers of each landmark are not always equally well suited. Table 5 provides a summary of the applicability of the investigated markers. It can be seen that some of the presented markers show a second expression peak at another wrong development phase (H-1, J-1, K-1, L-2, O-1 and O-2). Multiple comparison analysis of these markers confirms either still significant differences between both peaks or the optical impression of lower significance (Table S1 ). Average FC values for the actual and secondary peaks, if they occur, are shown in Table 5 . In general, although secondary peaks having similar amplitudes may interfere with age determination, these markers should nevertheless be used because they can provide additional information in combination with the other markers. Marker H1 has a secondary peak in breeding at 20 and 25 • C, not at those developed at 17 • C. This indicates a potential temperature dependent expression of this marker at this age, which makes this marker inappropriate for age estimation in a forensic context. Furthermore, besides the described temperature dependency, the change in gene expression of marker H-1 in the course of metamorphosis is very low compared to marker H-2 and markers for other ages. The application of marker H-1 could produce ambiguous results and therefore it is not recommended for the use in age predictions. Here, only marker H-2 provides sufficient informative data for age determination.
Irrespective of the rearing temperature, nearly all of the presented markers show a significant increase of gene expression at a certain physiological time in ADD during development. Temperature dependent deviation observed in Marker H1, a so far uncharacterized transcript, illustrates that temperature sensitivity can be a problem for interpretation of gene expression data. Therefore, temperature sensitivity has to be taken into account also for detection of new markers as well as validation studies, preferably already on the level of MACE.
The temperature dependency of the required heat amount (Table 1 , [38, 39] ) is indicated in Figure 1 in the way that each marker shows its individual expression maximum at slightly other ADD values. This shift emphasizes the importance of implementing the temperature during development in the analysis of the markers because markers highly expressed in the pupa indicate different ADD values due to the temperature regime. However, the mandatory reconstruction of the temperature regime is a common procedure in forensic entomology also when morphological characteristics are used.
For the presented markers, further validation has to be undertaken for temperatures other than 17-25 • C prior usage outside this corridor. This is important for the usability in casework, especially because the performance of these markers in the designed qPCR assays is not quite as sharp as the corresponding data generated by MACE. Due to a faster pupal development at higher temperatures, two markers consecutive in indicating development can be expressed simultaneously in certain scenarios. Because temperature reconstruction at the scene is mandatory in entomological casework due to the temperature dependent development of insects, this can be implemented in the overall analysis. Equivalent data handling must be performed at temperatures below 17 • C where a certain segment of metamorphosis may last more than one day. Furthermore, mathematical models have to be developed to estimate the variance of age determination, which include the temperature dependent ADD values needed for development.
In case work scenarios, we do not deal with the described homogeneous temperature conditions. There we have fluctuating temperature profiles, but the general congruency during the course of metamorphosis is promising to withstand also a validation applying fluctuating temperatures (currently in progress).
Conclusions
Beneath the observation that the expression of eligible markers do not only exhibit highly significant changes compared to the status in white pre-pupae, the fact that an overlap of gene expression status of these markers compared with their expression at non corresponding landmarks is very limited makes the system utilizable in a forensic context where often the question arises if a certain scenario (i.e., age of an immature insect) can be excluded-in contrast to its improbability.
For application of molecular age markers in forensic entomology, it has to be stated that, for most of the defined developmental landmarks of C. vicina (except landmarks D and E), qPCR markers could be established that depict the corresponding physiological age in ADD, within a temperature range between 17 and 25 • C. Until now, this digital age detection using the presented qPCR assays has not yet been applied for entomological casework.
With regard to an application, the following workflow should be adhered to:
• Ideally, RNA should be extracted as soon as possible after asservation. If the samples cannot be processed immediately, they should be preserved in 70-90% Ethanol or Trizol [40] to avoid significant RNA damage.
•
The indicator of a certain age is a massive increase of the corresponding marker compared to stage A, the white prepupa (and most other phases of metamorphosis). Thus, all presented eligible markers should be typed in order to gain a detailed overall impression.
Since development and the indicated ADD value is temperature dependent, the occurrence of a highly expressed marker must be translated into absolute age. For C. vicina and many other forensically-relevant blow fly taxa, reference data on the duration of development and the required ADD values at different constant temperatures since oviposition exist [8, 38, 39] .
Overall, it has become obvious that these new markers established based on transcriptome data will contribute to more precise min PMI estimation compared to so far published markers for molecular age determination.
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